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Abstract
The regeneration and repair of damaged neuronal networks is a difficult process to study in vivo,
leading to the development of multiple in vitro models and techniques for studying nerve injury.
Here we describe an approach for generating a well-defined subcellular neurite injury in a
microfluidic device; a defined laminar stream of sodium dodecyl sulfate (SDS) was used to
damage selected portions of neurites of individual neurons. The somata and neurites unaffected by
the SDS stream remained viable, thereby enabling the study of neuronal regeneration. The SDS
transection approach is simple and inexpensive, yet provides flexibility in studying
neuroregeneration, particularly when it is important to make sure there are no retrograde signals
from the distal segments affecting regeneration. By using well-characterized neurons from Aplysia
californica cultured in vitro, we demonstrate that our approach is useful in creating neurite
damage, investigating neurotrophic factors, and monitoring somata migration during regeneration.
Supplementing the culture medium with acetylcholinesterase (AChE) or Aplysia hemolymph
facilitated the regeneration of the peptidergic Aplysia neurons within 72 h, with longer (p < 0.05)
and more branched (p < 0.05) neurites than in the control medium. After the neurons were
transected, their somata migrated; intriguingly, for the control cultures, the migration direction
was always away from the injury site (7/7). In the supplemented cultures, the number decreased to
6/8 in AChE and 4/8 in hemolymph, with reduced migration distances in both cases. Neurons are
known to not only be under tension but also balanced in terms of force, and the balance is
obviously disrupted by transection. Our experimental platform, verified with Aplysia, can be
extended to mammalian systems, and help us gain insight into the role that neurotrophic factors
and mechanical tension play during neuronal regeneration.

Introduction
Understanding the processes involved in neuronal regeneration is integral to advancing our
ability to treat nervous system injuries and neurodegenerative diseases. Having an analytical
platform that can reliably culture, damage, and monitor individual neurons during their
regeneration helps further this goal. Microfluidic devices can not only handle small liquid
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volumes, but they also offer the option of automated operation while potentially mimicking
an extracellular microenvironment at high spatiotemporal resolutions [1, 2]. These systems
have therefore shown great promise in biological research, including neuroscience, and more
specifically, in the study of regeneration. Previous studies have demonstrated reliable
neuronal cultures within the microchannel [3], often on pre-selected regions via chemical [4]
or topographical [2, 5] guidance. As an entire microfluidic system can be made optically
transparent, neurons in the device can be characterized by well-established procedures such
as immunohistochemistry followed by microscopic observations [2, 3]. Electrophysiological
measurements, both intracellular [6, 7] and extracellular [8], can be performed, although the
additional fabrication steps required make these approaches less versatile at present. The
ability to handle mass-limited samples with minimal loss or dilution has been helpful in the
delivery of stimulants through artificial synapses [9], or collection of the neuronal signaling
molecules and subsequent analysis with mass spectrometry [10, 11].

Most regeneration studies have involved physical or optical damage such as ablation with
pulsed lasers [12], severing with a micropipette [13, 14], microneedle [15], or nanoknife
[16], and crushing with microfluidic compression [17]. These approaches have a number of
advantages but often require elaborate experimental setups or expertise in optics and
microfabrication, and thus are not readily available to the broader neuroscience community.
Several studies have used a three-compartment microfluidic device to remove axons in the
central compartment either by vacuum aspiration [2] or by introducing a saponin solution
[18]. These are elegant approaches but lack flexibility in determining the location and width
of the damage, and are not practical in low-density cultures due to the poor yield of neurites
that bridge multiple compartments.

The study of regeneration will be well served both by new tools and a well-defined model
system that is easy to maintain, observe, and measure in culture within a microfluidic
device. Here we worked with the relatively large and well-characterized neurons of the
marine mollusk Aplysia californica, which have been used for a number of studies involving
morphology and function on well-defined surfaces [19-21]. Aplysia neurons are known to
morphologically and functionally regenerate in vitro by re-forming synaptic connections
after transection, and have previously served as a model for regeneration studies [14, 22,
23]. Several researchers have studied the post-transection responses, which typically include
hyperexcitability and hypermorphogenesis [24, 25]. Transection without Aplysia
hemolymph in the culture medium induces hyperexcitability but not hypermorphogenesis
[26]. When the severed distal segment is not removed and remains close to the proximal
counterpart, the two reconnect, in which case both post-transection responses are suppressed
[15]. These results suggest that the long-term post-transection responses are at least partially
intrinsic and associated with retrograde signals from the remaining distal segment [15]. We
also suspect effects of retrograde signals from the damaged but remaining proximal
segment. Hence, a transection tool that removes the distal segment completely will help us
distinguish retrograde signaling both from proximal and distal neurites during regeneration.
Efforts have been made to facilitate the regeneration of Aplysia neurons by adding
neurotrophic factors. Among the effective factors that have been used are serotonin [27, 28],
Aplysia β-thymosins [29, 30], acetylcholinesterase (AChE) [31], and Aplysia hemolymph
[32]. Nonetheless, many details of the regeneration process remain unclear.

Here we describe a laminar flow-based microfluidic technique for chemically damaging
neurites at subcellular resolution; the approach can be used as a tool for studying neuronal
regeneration and motility. The liquid flow in a microchannel is laminar, due to a large
viscous force or small Reynolds number (Re, ratio of inertial force to viscous force). In this
flow regime, multiple streams can flow side-by-side, with mixing occurring by diffusion.
Multiple laminar streams allow delivery of the chemicals of interest to a selected region in
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the channel. Examples of this focal delivery include: protein patterns on a substrate for
cellular adhesion [33], stimulation of a plant root for local GFP expression [34], subcellular
delivery of small molecules [35], localized trypsin to detach a cell population [36, 37] or a
subcellular domain [38], and localized migration assays to either promote or inhibit cellular
migration [37]. Laminar flow allows precise subcellular delivery of cytotoxic compounds
without directly affecting the unexposed cellular domain.

In our approach, a stream of sodium dodecyl sulfate (SDS) was applied in order to remove a
selected portion of neurites in Aplysia bag cell neurons in the microchannel. The damaged
neurons remained viable and continued to extend their neurites. We found that
supplementing the culture medium with AChE or Aplysia hemolymph significantly
enhanced neurite regeneration while suppressing the migration of soma. By implementing
this chemical transection technique, we gained insight into the role that neurotrophic factors
and mechanical tension play during neuronal regeneration. Compared with previous
transection methods, ours is simple and inexpensive, and does not require elaborate pulsed-
laser setups or additional microfabrication steps. The distal segments, and thus the
retrograde signals from these segments, are removed by the detergent stream. The approach
also provides flexibility as the region to be transected can be determined on demand by
varying the ratio of flow rates. In summary, the transection method presented here will serve
as a complementary tool for neuroregeneration research.

Experimental
Chemicals and reagents

Chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless specified otherwise.
Artificial seawater (ASW), pH 7.8, was prepared with 460 mM NaCl, 10 mM KCl, 10 mM
CaCl2, 22 mM MgCl2, 26 mM MgSO4, 15 mM HEPES, 2.5 mM NaHCO3 and
supplemented with antibiotics for cell culture. AChE from Electrophorus electricus (electric
eel) was purchased from Sigma Aldrich. Aplysia hemolymph was collected from an adult
animal (80 g), filtered with 0.22 μm pore filters (Millipore, Billerica, MA), kept frozen at
−20 °C, and mixed with ASW at a 50/50 ratio right before use. ASW and Aplysia
hemolymph have similar osmolarity [39], and thus the reported results are not affected by
differences in osmolarity.

Microfluidic device fabrication
We adopted the design and fabrication methods of our polydimethylsiloxane (PDMS)
microfluidic device from Tourovskaia et al. [1, 40], with modifications. Briefly, a master
was created by patterning SU-8 negative photoresist (MicroChem, Newton, MA) on a
silicon substrate (WRS Materials, San Jose, CA) via standard photolithography. Fluidic
connections were made by gluing (Duco Cement, Devcon, Danvers, MA) silicone tubing
(Helix Medical, Carpinteria, CA) onto ports 2, 3, and 5 of the master mold (figure 1A),
followed by pouring PDMS prepolymer (Sylgard 184, Dow Corning, Midland, MI) and
curing at 70 °C overnight. The PDMS structure was then peeled off and sealed onto a tissue
culture dish (CELLSTAR, Greiner Bio-One, Monroe, NC) by conformal contact. A cut-out
pipette tip was glued onto port 4 with PDMS prepolymer, followed by another curing
session. Finally, the device was filled with ASW for cell culture by applying a vacuum to
ports 2, 3, and 5 while ports 1 and 4 were filled with ASW.

Cell culture and loading into device
Adult Aplysia californica (National Resource for Aplysia, Miami, FL) weighing ~80 g were
anesthetized by injecting ~½ body weight of MgCl2 (0.39 M), and the abdominal ganglia
dissected. After treating the ganglia with protease (from Streptomyces griseus, 10 mg/mL in
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ASW) for 100 min at 34 °C to soften the surrounding tissue, bag cell neurons were isolated
from the bag cell clusters near the pleurovisceral connectives. For cell culture in the
microfluidic devices, cells were loaded into the main channel (< 5 cells/device) by dropping
them into port 1 while applying vacuum at either port 2 or 3. We were able to roughly
control the location of the plated cells by inspecting the channel under a microscope while
loading, and releasing the vacuum when desired. The device was then perfused with ASW
(~20 μL/d) by elevating the ASW level in the pipette tip at port 4. Ports 1-3 were closed so
that the perfusion took place from port 4 to 5. The cultures were maintained at 14 °C.
Although the cellular responses we describe were qualitatively consistent in multiple
animals, quantitative comparisons were made across cells from the same animal to prevent
any ambiguity due to animal-to-animal variation (see Results and Discussion).

Neurite transection
In order to dissolve the cell membrane, a detergent solution was prepared by mixing at a 1:1
ratio, 20 mM of SDS and 10 mM of Allura Red dye in ASW. The dye helps to visualize the
stream and adjust the flow rates when necessary. Neurites of bag cell neurons at 3 d in vitro
(DIV) were partially damaged by introducing laminar flows of the SDS solution and ASW
at ports 2 and 3, as shown in figure 2A. Using syringe pumps (PHD 2000, Harvard
Apparatus, Holliston, MA) the SDS:ASW flow rates were varied between 0.5:4.5 μL/min
and 0.5:9.5 μL/min, depending on the location and morphology of the cell. Since the SDS
stream damages the cells along the path, in some devices we were able to transect multiple
cells (up to 4 cells per device) in a single operation. Immediately after the membrane
damage, which is normally observed within 3 min of the flow initiation, the channel was
flushed with ASW at 10 μL/min for at least 3 min to remove any residual SDS. Finally, the
device was perfused with ASW only, ASW with AChE (5 U/mL), or ASW with 50%
Aplysia hemolymph.

Microscopy and morphometry
Neuron images were obtained with an Axiovert 25 inverted microscope (Zeiss, Zena,
Germany) with phase contrast optics. The neurites were traced in Neurolucida software
(MBF Bioscience, Williston, VT), and the changes of length and branch structures during
regeneration were analyzed in Neurolucida Explorer (MBF Bioscience).

Results and discussion
Culture of Aplysia neurons in a microfluidic device

The study of neuronal damage and subsequent regeneration in a microchannel requires
maintaining a reliable neuronal culture during the course of regeneration; when one works
with only a single cell (or perhaps several cells) at a time, even stricter limits on reliability
are required. For this purpose, we adopted and slightly modified the design from
Tourovskaia et al. [1, 40] used for long-term studies of muscle cell differentiation. Our
device, shown in figure 1A, consists of a main channel for cell culture, side channels for
perfusion of culture medium, and ports (labeled 1–5) for cell loading and fluidic
connections. The main channel (W × H = 500 μm × 250 μm) is large enough to
accommodate the Aplysia bag cell neurons (diameter ~50 μm) used in this study. Bag cell
neurons, which are involved in egg laying behavior of the animal [41], are abundant (~400–
800 cells/animal), easy to isolate, and appear homogeneous [42], and thus, enable cell-to-
cell comparative studies while ruling out animal-to-animal variation. Figure 1B shows a bag
cell neuron cultured in the device filled and perfused with ASW at 1 DIV (top) and 3 DIV
(bottom). Neurites continued to extend their length with more branches and the cells
remained viable for more than 2 wk. The cell viability observed in our device was over 50%
and did not depend on the location at which the cell was seeded in the channel. This
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platform provided several advantages for the current study: with the large neurons of
Aplysia, single-cell experiments were conducted with high yield; laminar flow through ports
2 and 3 allowed focal delivery of chemical compounds to a selected subcellular domain; and
culture medium supplied from port 4 was easily supplemented with factors of interest to
study cellular responses.

We were able to reliably culture Aplysia bag cell neurons in a PDMS microchannel without
further conditioning or surface modifications of the PDMS. Treating the PDMS with an
oxygen plasma is a standard procedure in soft lithography in order to enhance the
hydrophilicity of the material and facilitate bonding to a substrate [43]. However, the
oxygen permeability in PDMS decreases ~1000 fold when treated with oxygen plasma or
bovine serum albumin [44]. In our study, using a native PDMS and culturing only a few
cells per device is beneficial in terms of ensuring adequate oxygen supply. Another
consideration is to minimize protein adsorption/absorption by the PDMS, as well as the
cytotoxicity of residual metal catalysts, solvents, and uncrosslinked oligomers [3, 45, 46].
Previous studies have shown that appropriate treatments of the PDMS, such as autoclaving
[1, 3], solvent extraction [3, 47], or functionalization with polyethylene glycol [48], help
address these issues, especially for a low-density culture of mammalian neurons [3]. In this
respect, using native PDMS perhaps creates a problem.

Performing a quick calculation further clarifies this issue and demonstrates that culturing the
larger Aplysia neurons we used takes careful optimization of culturing conditions. A
relevant dimensionless quantity related to the leaching of compounds from the device is
derived from the Sherwood number, Sh = kL/D, and Peclet number, Pe = vL/D, where k, L,
v, and D denote mass transfer coefficient, characteristic length, fluid velocity, and
diffusivity, respectively. Sh indicates the ratio of the mass transfer rate at the PDMS surface
to the diffusion rate in the media [49]. Pe is the ratio of the convection rate to the diffusion
rate in the media. A large Sh/Pe (= k/v) for the potentially cytotoxic molecules leaching out
of PDMS could reduce the cell viability. While k is unknown, the perfusion rate of 20 μL/d
turns out to be sufficient for a small Sh/Pe. At the higher perfusion rates tested here (150–
300 μL/d), the Sh/Pe term is further reduced; however, both the viability and the growth rate
dropped significantly, perhaps due to excessive shear stress. Interestingly, for smaller cells
plated at high density, the optimal perfusion rate can be much higher, even with a similar
device design [1, 50, 51]. Hence, a low-density culture of large neurons requires a carefully
optimized perfusion rate at which appropriately low levels of cytotoxicity and minimal shear
stress are achieved. This challenge may explain why there are few examples of Aplysia
neurons cultured in a microfluidic device.

Damage of neurites via a laminar stream of detergent
A single-neuron microfluidic device allows us to make subcellular chemical modifications
via laminar flow. Previously Takayama et al. [35] utilized a laminar stream for subcellular
delivery of trypsin for partial cell detachment, followed by re-attachment upon removal of
the trypsin [38]. The timescale for the cell detachment was on the order of minutes. In the
current study we applied a focal delivery of SDS, an anionic detergent, to damage (or
completely remove) neurites of a single neuron from a selected subcellular domain. Because
laminar flow is a physical process, with appropriate modifications of the flow rate and
culture media, our chemical transection approach should be applicable to a wide variety of
cells including mammalian neurons. Here we chose to test the approach with Aplysia
neurons because of the robustness of their culture, the ability to work with defined neuronal
subtypes from primary cultures, and the detail available on their response to axotomy
[23-27].
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The schematics in figure 2A illustrate the approach, where two laminar streams, SDS on the
left and ASW on the right, flow over a single neuron to cause localized damage. A bag cell
neuron is shown in figure 2B, before (top) and after (bottom) such an operation. Only the
cell membranes on the left-hand side were removed, while the soma and the unexposed
neurites on the right-hand side remained intact. The width of transection can be controlled
from 0 to the entire channel width of 500 μm by varying the ratio of SDS-to-media flow
rates. However, there is an additional undesired neurite damage region due to molecular
diffusion in the direction perpendicular to the flow. The width of undesired damage scales ~
2(Dt)0.5 where D and t represent diffusivity and time, respectively. At 10 μL/min and D = 6
× 10−7 cm2/s [52] this becomes ~ 0.424y0.5 μm where y (in μm) is the distance down the
channel from the inlet. When the SDS stream encounters the neurite, there may be further
damage by migration of SDS along the neurite. Figure 2C shows a series of time-lapse
images of the membrane being removed. The membrane damage occurred within seconds of
contact with the SDS. As seen in the upper portion of the figure, the membrane damage
became broader over time due to the migration of the SDS molecules along the neurite
toward the cell body. Therefore, a precise spatiotemporal control of the flow minimizes
undesired neurite or membrane damage.

Detergents have been widely used in biological research to either solubilize or permeabilize
the cell membrane for extraction of proteins and organelles, or for transfection, respectively
[53]. The SDS used in our study is an anionic and strongly solubilizing detergent. The
critical micelle concentration above which micelles are formed is 6–8 mM for SDS. Above
the critical micelle concentration (10 mM in this study) a direct interaction between SDS
micelles and the cell membrane quickly overpermeabilizes and disaggregates the membrane
[54]. Although SDS tends to denature proteins, it served well our purpose of damaging the
membrane. When non-denaturing detergents such as nonionic Triton × or zwitterionic
CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) are used, our
approach may find further applications in extracting proteins and organelles from subcellular
domains without sacrificing the neuron. Multiple extractions from the same neurite can even
be made at distinct time points, assuming the cell regenerates. Our chemical transection
approach is robust, simple and easy to implement.

Surprisingly, upon membrane damage the neurites did not show signs of an immediate
retraction toward the cell body, which is distinct from several prior reports [12, 13]. Tension
in the nervous system plays not only a functional role, such as in synaptic signaling [55] and
vesicle trafficking [56], but also appears to have an important morphogenetic role in the
formation of neural structures such as the cerebral and cerebellar cortexes [57]. Within a
single neuron, neurites are known to be under tension, and the force vectors from neurites
sum to zero ( ΣF = 0) [58]. Mechanically or optically severing a neurite causes a force
unbalance, followed by a retraction of the damaged neurite with either weak or disrupted
neurite-substrate adhesion. This often leads to formation of rippled shrink patterns [13]. The
localized chemical damage in this work is unique in that the detergent dissolves the
membrane without applying a disturbing force, as in mechanical approaches that physically
detach neurites from the substrate or affect global neurite-substrate interactions. Thus, the
immediate responses to restore the balance (e.g., shrinking) are thereby suppressed. Instead,
the neuron goes through rather long-term changes such as restoring the force balance,
discussed later.

Neurotrophic factors for regeneration of the damaged neurites
The ability to damage selected neurites of individual neurons, and control the extracellular
chemical environment, facilitates the study of the roles that putative neurotrophic factors
play in neurite regeneration. By following the response of the neuron to subcellular,
chemically-induced damage, we can investigate the neurotrophic factors that enhance the
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regeneration processes. We first examined neuronal growth on a culture dish with and
without previously reported neurotrophic factors: serotonin [27, 28], nerve growth factor
(NGF) [59], thymosin 4 (16-38) containing an actin-binding domain [29, 60], AChE [31],
and the less chemically well-defined native Aplysia hemolymph [32]. Based on qualitative
comparisons between the samples (figure S1, Supplementary Information), we selected
AChE and hemolymph as intriguing candidates that enhance regeneration of the chemically
damaged neurons in our microfluidic device. Neurons cultured in ASW for 3 d were
transected with localized SDS streams, and just after the transection, the device was
perfused with either ASW only (control, n = 7) or ASW supplemented with AChE (5 U/mL,
n = 8) or hemolymph (50%, n = 8) where n represents the number of independent single-cell
experiments. We monitored and compared the regeneration process for 3 d post-transection
with primary attention to the neurite length, number of branch points, and location of the
soma. Figure 3 shows representative images of neurons before/after neurite damage and at
24 h, 48 h, and 72 h post-transection under different culture media: ASW only (figure 3A),
ASW with AChE (figure 3B), and ASW with hemolymph (figure 3C). Regions that are
false-colored red in the “Before” column represent the laminar streams of SDS and the
corresponding regions of neurite damage. In ASW only, the cell remained viable and the
length of neurites increased overall. However, regeneration of the damaged neurite was
sluggish. In contrast, the neurons in AChE and hemolymph regenerated their damaged
neurites with generally longer and more branched neurites. Neurites grow into the area
exposed to SDS, which verifies that SDS does not degrade the substrate during transection.
No negative effect of SDS on cell viability and outgrowth was observed in a separate control
experiment (figure S2, Supplementary Information).

We quantified the overall neurite structure of 23 transected neurons during regeneration.
Keeping track of the transected neurites separately from the untransected ones was not
practical; the number of primary neurites changed as transected neurites degenerated or
merged with neighboring neurites. Hence, we chose not to track individual neurites in this
analysis. Instead we show the total neurite growth (figure 4A) and the total number of new
branch points (figure 4B), which include both transected and untransected neurites, that had
been added since the time of transection (t = 0 h) in the different cell media. Even with the
large morphological heterogeneity at the single cell level, within 6 h the neurons in
hemolymph regenerated significantly (p < 0.01) and became more branched (p < 0.05) than
the control. A linear fit for the entire period with a zero intercept gives the regeneration rates
of 22 ± 1, 29 ± 1, and 42 ± 3 μm/h, and the increased rates of branch points of 6.8 ± 0.4, 9.1
± 0.1, and 17 ± 2 branches/d for the control, AChE, and hemolymph samples, respectively.
For the neurons in hemolymph, a straight line does not give the best fit as the initially fast
growth rates diminished over time, presumably due to the limited space in the channel: 75,
50, 30, 32 μm/h and 44, 19, 12, 9 branches/d at 6, 24, 48, and 72 h, respectively.

AChE, an enzyme that catalyzes the hydrolysis of acetylcholine, is abundant in Aplysia
hemolymph, along with other proteins such as hemocyanin and hemagglutinin [31, 61].
Other than the catalytic function, the high level of expressed AChE during extensive neurite
outgrowth [31, 62] indicates its potential neurotrophic function. Indeed, AChE has been
shown to help neurite regeneration of dopaminergic neurons of Aplysia via a non-catalytic
mechanism [31]. Based on similarity searches, Srivatsan [63] hypothesized that the
carboxylesterase type B region in AChE may act as a growth factor, but the mechanisms of
the non-catalytic action of AChE are still unknown. The neurotrophic effects of Aplysia
hemolymph, with its large amounts of AChE, on cholinergic neurons [64] and others [29,
32], suggest that AChE might also help the neurite growth of other types of Aplysia neurons.
In this study we show that AChE, as well as Aplysia hemolymph, helps the regeneration of
chemically damaged neurites of peptidergic Aplysia bag cell neurons. However, the effects
of AChE alone develop more slowly and do not become significant (p < 0.05) until 72 h in
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culture, while the effects of hemolymph are observed after only 6 h (figure 4). We believe
that the amino acids and neurotrophic factors in hemolymph rather than AChE facilitate the
faster neurite regeneration. Details on the regeneration process (e.g., whether it is
cholinergic or non-cholinergic) is largely unknown, and our single-neuron microfluidic
system should help in answering these questions.

Tension during regeneration of neurites
The leading edges of growing neurites create growth cones that generate tension, which
pulls the soma forward (towards the growth cone) and results in the coordinated motility of
the cell soma and its extending neurites [65]. Upon transection of a neurite, not only can the
neurite regenerate, as shown in figures 3 and 4, but tension by the remaining neurites is
expected to pull the soma toward the direction of the intact neurites (most away from the
injury site) as a part of long-term regenerative behavior. In figure 5A we have tracked the
migration paths of soma for the transected bag cell neurons (n = 7, 8, and 8, for ASW,
AChE, and hemolymph, respectively), starting from their location right after the transection
(shown as black filled circles). Red and blue colors are used for cells with neurites cut on the
left- and right-hand side of the soma, respectively. All cells (7/7 or 100%) cultured in ASW
migrated away from the injury site, which can be explained in terms of tension as discussed
above. However, the number decreased to 6/8 (75%) and 4/8 (50%) in AChE and
hemolymph, respectively. Here the question arises as to whether or not the migration is a
regenerative behavior. A separate experiment using another animal of the same species,
which therefore cannot be directly compared with the results in figure 5, showed that
neurons in our device did migrate (53 ± 8 μm at 72 h, n = 8), even without transection, when
cultured in ASW. These results suggest that the regenerative behavior in ASW can be
signified not by the migration itself, but by the direction of migration, which is
systematically away from the transected neurites.

Further insight can be gained by quantifying the soma migration. The white bars in figure
5B indicate the x-component of the migration away from the injury site, and so the value is
negative when migrating toward the injury. The smaller values in AChE and hemolymph (p
< 0.06) than in ASW indicate that the migration direction is insensitive to which side of the
soma is transected. The bar graph in figure 5B also shows the total migration distance over
72 h (black) and the linear displacement from 0 h to 72 h (gray). Even with large cell-to-cell
variations, the post-transection neuronal migration is reduced significantly in AChE and
hemolymph (p < 0.06), which potentially can be explained by earlier restoration of
balancing tension and forces due to faster neurite regeneration, as shown in figure 4. We
found that most of the post-transection morphological changes that presumably help restore
the force balance can be described as a combination of the following: regeneration of
neurites (i.e., added length and branch points), reorientation of neurites, and migration of
soma. The results, shown in figures 4 and 5, suggest a correlation between the neurite
regeneration and somata migration. We conclude that the modes of regaining the force
balance during regeneration vary, depending on the extracellular chemical environment.
Moreover, when neurotrophic factors are present, as they appear to be in vivo, the process
occurs mainly via regeneration of neurites rather than cellular migration.

Cellular forces have been measured and controlled via techniques such as PDMS
micropillars [66], stretchable PDMS platforms [56], vertical nanowire arrays [67], and axon-
bound [68], substrate-embedded [69], or optically-trapped [70] beads. Our study shows a
post-injury neuronal migration that is related to tension that can be further studied
quantitatively by incorporating these techniques into our system.
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Conclusions
Microfluidic systems have shown potential for studying neuronal regeneration at the single
cell level because of their small volumes and well-controlled fluidics. However, the sealed
channels require a new method to damage selected sections of a neuron in order to study the
processes of neuronal regeneration. In this study we used two parallel laminar streams, SDS
dissolved in cell media and media only, to transect a selected subcellular portion of an
Aplysia bag cell neuron in a microfluidic channel. Our chemical transection approach, albeit
simple, provides a unique opportunity to study neuronal regeneration where the severed
segment and thus, the retrograde signals from it, are removed by the SDS. This type of
damage is difficult to achieve with previously-reported pulsed lasers or microfluidic
compression. Using this platform we were able to investigate the post-transection cellular
responses. The results suggest that when appropriate neurotrophic factors are present, the
neurons restore the force balance between neurites, which is broken by transection,
primarily by neurite outgrowth rather than somata migration.

Future efforts include expanding these studies to examine the distal segments of severed
processes by sandwiching the SDS stream between two ASW streams in order to further our
understanding of the mechanisms of regeneration, and applying our approach to mammalian
systems. Our technique creates subcellular damage. We will find more opportunities to
increase our understanding of mammalian nerve regeneration as the challenges in
maintaining a low-density mammalian culture are resolved. When combined with previously
developed force sensors, our system should allow quantification of the cell responses and
changes in force distributions during regeneration. Furthermore, the extracellular
environment of the damaged and repairing cell can be collected for additional
characterization; we have already demonstrated the ability to collect small-volume samples
from neurons in a device for hormone and peptide characterization [71-73]. We will extend
our studies to study regeneration of mammalian neurons and modify our readout to include
both metabolomics responses via mass spectrometry [71, 74] and transcriptional responses
to injury, for example, via single cell RNA amplification [75].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Microfluidic device used for individual neuronal cell culture. (A) (top) Schematic of the
device, which consists of a main channel for cell culture, side channels for media perfusion,
and ports for fluidic connection; port 1 is an outlet during transection, ports 2 and 3 are for
local delivery of SDS during transection, and 4 and 5 for media perfusion. (bottom) A cross-
section of the selected region (green box) from the top image. (B) Bag cell neuron from
Aplysia californica in the device (top) after 1 d in vitro, DIV, and (bottom) 3 DIV.
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Figure 2.
A laminar stream of detergent is used for damaging (transecting) axons/neurites in a
microchannel. (A) Schematic representation showing partial neurite damage of a single
neuron. Using laminar flow, a stream of SDS is localized to the left portion of the channel to
partially dissolve away the plasma membrane. The dotted line represents the boundary
between SDS and ASW. (B) A bag cell neuron (top) before and (bottom) after transection.
(C) Time-lapse images of the zoomed-in region (green box in B). The neurite damage upon
exposure to SDS occurs within seconds.
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Figure 3.
The system aids in the study of neurotrophic factors effects on regeneration, here
demonstrated using AChE and Aplysia hemolymph for bag cell neurons of Aplysia.
Representative images of neurons are shown before and right after transection, and 24 h, 48
h, 72 h post-transection. Laminar streams of SDS are false-colored red in the first panels.
Regeneration of the damaged neurites is minimal when the culture is maintained in (A)
ASW only, whereas the process is greatly enhanced by supplementing the media with (B)
(AChE) or (C) Aplysia hemolymph during regeneration. White arrows indicate the neurites
damaged and regenerating.
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Figure 4.
Quantitative analysis of neurites verifies that AChE and Aplysia hemolymph help the
regeneration of damaged bag cell neurons. Graphs show (A) the total length of fresh neurites
and (B) the total number of new branch points after transection in ASW only (black), AChE
(blue), and hemolymph (red). Compared to the neurons cultured in ASW only, those in
AChE and hemolymph-supplemented media regenerate faster, with their neurites more
branched. Error bars indicate standard error of the mean.
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Figure 5.
During neuronal regeneration the migration of soma is suppressed when appropriate
neurotrophic factors are present. (A) The paths of somata migration from 0 h (black filled
circles) to 72 h after the transection (open circles) for the cells in (left) ASW only, (middle)
AChE, and (right) hemolymph. Cells with neurite damage on the left- and right-hand side of
the soma are colored red and blue, respectively. A grid cell indicates 50 μm × 50 μm. (B) A
bar chart showing the total migration distance (black), the overall linear displacement (gray),
and the x-direction displacement away from the injury site (white) of cell bodies at 72 h
post-transection. Error bars indicate standard error of the mean.
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